Abstract-We investigated the measurement techniques of the nonlinear vector network analyzer (NVNA) test bench, to fully characterize the nonlinear behavior of radio frequency (RF) power amplifiers (PAs) driven by complex modulated signals. In order to extend the baseband measurements, two kinds of NVNA phase reference approaches are developed as alternative solutions, so that the baseband phase measurements can be achieved with those of modulated components at multiharmonic RF bands. In the first approach, a modulated baseband signal is combined with another modulated RF one to become the desired NVNA phase reference. While as an alternative solution, the second phase reference design is based on a "stepped" multisine, which is stepped through the baseband and each harmonic following the NVNA swept measurements, to achieve stable phase measurements. To validate these proposed NVNA test bench designs, an RF PA, driven by a large-signal long-term evolution-like multisine, was tested and compared with digital real-time oscilloscope measurements.
acterizing wideband signals and nonlinear devices [1] [2] [3] . With the use of a phase reference, which is generally applied by an accessory comb/impulse generator, the NVNA architecture is empowered for measuring both magnitude and phase spectra of a complex RF signal. In practice, commercial NVNAs of this kind have been widely used for X-parameter modeling and associated applications, which are mainly based on harmonic nonlinearity characterization [4] [5] [6] .
Recently, different ideas have been proposed to further develop NVNA test benches for dense spectral grid modulated measurements [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . On one hand, novel types of phase reference signals are put forward to break through the spectral grid limitation [8] [9] [10] [11] [12] [13] [14] [15] , [17] [18] [19] . On the other hand, novel calibration methods and standards are presented [7] , [8] , [10] , [12] [13] [14] [15] [16] [17] [18] [19] . To date, the NVNA test benches have been empowered for characterizing the complex multiharmonic intermodulation behavior of an RF PA on dense spectral grids [18] , [19] .
To the best of our knowledge, however, the baseband measurement of NVNA test benches has not been given adequate attention to or fully utilized until now. As a result the baseband behavior, which is of great significance to the temporal current and voltage (I -V ) waveform analysis [20] , [21] , of a device under test (DUT) is always neglected when characterizing its nonlinear distortion under large-signal modulated conditions [17] [18] [19] . Compared with time-domain measurement methods based on oscilloscopes, which cover the full RF band from dc to tens of gigahertz, the last missing piece to complete the NVNA techniques is the extension of baseband measurements from our perspectives. This paper mainly investigates the baseband measurement techniques of the NVNA test bench, aiming to fully characterize the behavior of RF PAs under complex modulation. To achieve this, two kinds of NVNA phase reference approaches are developed as alternative solutions. As the first choice, a modulated baseband signal is combined with another multiharmonic RF one to become the desired phase reference. While as the second option, a multisine stepped through the baseband and each harmonic following the NVNA swept measurements is used as the phase reference.
The following sections are organized as follows. The measurement principle and calibration techniques of NVNA test benches are briefly reviewed in Section II. As the main novelty and contribution of this paper, two novel phase reference approaches are proposed to achieve the extension of NVNA baseband measurement in Section III. The phase calibration approach used based on our previous work [19] is explained in Section IV. The validation and application of proposed methods is given in Section V. Discussions are presented in Sections VI.
II. REVIEW OF NVNA MEASUREMENT AND CALIBRATION
This section briefly reviews the principles of NVNA measurement and calibration, and leads to our improvement work, respectively, introduced in Sections III and IV.
A. Definitions and Clarification
In an NVNA two phase reference waveforms are used: one helps to maintain stable measurements like an internal signal whereas the other provides the known calibration standard at the test port.
Under normal circumstances, the same type of signals and reference generators are used for providing the phase calibration and the phase reference, as in [3] and [22] . In these publications, the phase calibration standard is also called a "known phase reference" or "calibrated phase reference."
In this paper, we use different signals for these two roles and so to give a clear distinction, we define the reference signal used for stable phase measurements as a "Phase Reference," while term the known signal used for calibration a "Phase Standard." B. Role of the NVNA Phase Reference Fig. 1 shows the block diagram and signal flow in the NVNA test bench configured for a two-port DUT measurement. When operated in receiver mode, the multiport vector network analyzer (VNA) offers five synchronous receiver channels for signal measurement. Among these receivers, those of port 1 and port 2 are used for incident and scattered wave measurements of the DUT, while that of port 3 is used for the phase reference. An external vector signal generator (VSG) has to be used to apply the periodical multitone stimulus to the DUT, if a modulated test is wanted.
The down-converted phase measurement of receiver a 1 , shown in (1), is a random value each time, and cannot be used to reproduce the real phase of incident wave A 1 due to the random phase contribution (ϕ lo ) of VNA local oscillator. As a result, the phase reference signal (R) is used by NVNA to eliminate ϕ lo , achieving stable phase measurements at each test frequency as shown in (2) . In this way, the raw measurements ( A raw 1 , B raw 1 , A raw 2 , and B raw 2 ) of NVNA can be obtained from those of five receivers (a 1 , b 1 , a 2 , b 2 , and b 3 ) following (3):
From these equations, it is clear that all the waves are referenced to the phase of the reference signal R. As this will include both measurements of the DUT and the phase standard, it is not necessary to know the phase of the reference signal R. The requirements of the phase reference include as follows:
1) containing spectral components at all the test frequencies; 2) having a relative phase relationship that is stationary; 3) being continuously applied during both calibration and test. In Section III, two phase reference approaches are presented to achieve the extension of NVNA baseband measurements.
C. Error Model and Calibration
The NVNA test bench uses an eight-term error model for the calibration, so that calibrated measurements ( A 1 , B 1 , A 2 , and B 2 ) can be derived upon the raw ones (A raw 1 , B raw 1 , A raw 2 , and B raw 2 ). To achieve that, the system is calibrated using the well known procedure presented in [2] . In Section IV, the phase calibration used in our work is particularly illustrated.
III. BASEBAND EXTENSION OF NVNA PHASE REFERENCE
The NVNA phase reference must cover (contain spectral components at) all the test frequencies as discussed in Section II-B. To achieve desired baseband and multiharmonic RF measurements shown in Fig. 1 , the spectrum of phase reference signal has to meet the following criteria: 1) including baseband and multiharmonic RF components; 2) having adequate modulation bandwidths at the baseband and each harmonic; 3) providing a dense spectral grid to suit the test requirements. As the main novelty and contribution of this paper, two novel solutions of desired phase references are proposed in this section, so that valid NVNA raw measurements can be obtained.
A. Combining Modulated Baseband and RF Signals
The first approach, shown in Fig. 2 , is to combine separately generated baseband and multiharmonic RF components together. A common 10-MHz frequency reference should be applied to both signal generators, as well as the VNA, to avoid phase drift and spectral leakage of NVNA measurements.
There are several ways to generate the multiharmonic RF components, using: 1) pseudorandom binary sequence [7] , [12] , [13] or chirp [16] "triggered" comb generators, or 2) pulsed-RF [18] or multisine [19] driven step recovery diode (SRD) comb generators. The basic principle of all these solutions is to disturb the impulse train from a uniform periodic sequence to an unequally spaced sequence, so that modulated components can be obtained at each harmonic of the comb generator output. This offers considerable advantages (e.g., much higher power level and signal-to-noise ratio, hence better stability of NVNA phase measurements) over using a full-band finely spaced frequency grid from dc to RF.
The "baseband" reference signal can be easily generated using a pulsed-RF or multisine generator, not to mention the alternative choice of using an arbitrary waveform generator. In this case, however, the carrier frequency should be only a few tens of megahertz, and comparable with the modulation bandwidth. So the modulated components can be located at the baseband.
In this example, we have used two pulsed-RF generators to provide the NVNA phase reference as shown in Fig. 2 . A duty cycle of 1% (25 ns in duration) is set for both pulsed-RF generators. The carrier frequency used for generating baseband components is 20 MHz, while that for RF ones by driving an SRD comb generator is 1 GHz. Fig. 3(a) shows the waveform of combined signal, in which the baseband contribution shown in Fig. 3(b) can be clearly distinguished from the separated RF contribution shown in Fig. 3(c) . Due to the "gating" effect of the pulsed-RF signals, a half-period sinusoidal waveform is obtained as the baseband contribution, while a short-duration impulse train is obtained as the RF one. Fig. 4 shows the spectral components of the derived signal in Fig. 3 . The baseband components created by the "half-sine" has a useful bandwidth of 60 MHz. The bandwidths of modulated harmonic components are approximately 80 MHz. In all cases the grid spacing is 400 kHz, set by the 2.5 μs period, to suit our VNA minimum frequency of 300 kHz and to avoid truncated time-domain measurements (on a sampling rate of 50 GS/s) at the same time.
Comparing with using pulsed-RF signals, we anticipate that using multisines to drive the SRD comb generator [19] and to create the baseband signal will improve the performance since wider modulation bandwidths, denser spectral grids, and higher power levels can be achieved. One point to note is that the main objective of combining is to integrate the baseband and RF references into a single source, rather than to derive any specific phase relationship. As long as the instruments are frequency-locked together, the derived signal is stable enough to serve as the NVNA phase reference. Also note that the two generators must not be reprogrammed or altered at any point after calibration, leaving the slight baseband trigger jitter and RF phase drift the only contributions of phase disruption.
B. Using Stepped Multisine and Dual-Reference NVNA Setup
The second approach, shown in Fig. 5 , uses a sixth VNA receiver to allow a dual-reference approach. In other words, two phase reference signals are used. The multisine applied to port 3 is stepped through the baseband and each harmonic band to provide a dense spectral grid phase reference at each frequency, which is named a "stepped multisine" in this paper. Its carrier frequency is changed to a different test band following the NVNA swept measurements, to successively cover each test band. The additional coarse grid reference signal applied to port 4 is used to compensate for the random phase assigned to the stepped multisine carrier, thus achieving the equivalent of a stable phase reference covering all the test frequencies.
The random phase assignment of stepped multisine carrier means that corresponding phase compensation must be applied for each new frequency setting during the swept measurements. For example if a series of measurements are taken, the random phases of the stepped multisine (denoted by R 1 ) without compensation can be expressed as
where R 1 ( f i, j ) represents the stationary part of phase relationship, f i, j represents the test frequency, ϕ i,k represents the unknown random phase of carrier, i = 0, 1, 2 . . . represents the (baseband or) harmonic order, j = 1, 2, . . . represents the tone order, and k = 1, 2 . . . represents the sweep number. In this approach, the random component ϕ i,k needs to be estimated each time and compensated by setting a measured phase offset inside the multisine generator, so that the equivalent phases of stepped multisine become
where φ i is a constant value for the i th test band, and does not change following the NVNA swept measurements. To achieve this, the coarse-grid phase reference (denoted by R 2 ) maintains the phase relationship across the baseband and harmonics, which can be expressed as
where f i ∈ { f i, j } represents the overlapping tone between R 1 and R 2 in the i th test band. It is important to note that only one fixed overlapping tone inside a test band is used in our work, although multiple overlapping tones might be available in practice.
According to the NVNA raw phase measurements of
where b 3 and b 4 represent corresponding measurements of the two phase reference signals shown in Fig. 5 , the measured phase offset ϕ i,k for the i th test band in kth swept measurement can be obtained. By setting this phase offset ϕ i,k into the stepped multisine generator, the random component ϕ i,k in (4) can be eliminated, and the phases of stepped multisine become the equivalent of a stable phase reference (denoted by R) as
In this way, the φ i in (5) becomes
It is important to note that the in-phase and quadrature (I/Q) waveforms of the stepped multisine should be loaded at the beginning of the measurements and remain unaltered through the entire experiment (including both the calibration procedure and DUT test), to maintain envelope time synchronization and leave the phase of carrier the only random contribution as shown in (4) . Using this algorithm, the procedure of the kth swept measurement is as follows.
1) The multisine phase reference starts from baseband. At the overlapping tone of baseband, e.g., f 0 = 100 MHz, the measured phase offset ϕ 0,k is determined according to (7) first, and then set into the multisine generator. Afterward the multisine phase reference keeps unaltered when the NVNA test bench measures A raw 1 , B raw 1 , A raw 2 , and B raw 2 at each tone inside the baseband following (3). 2) After the final baseband-tone measurement has been completed, the multisine phase reference is stepped from baseband to the fundamental RF band by switching the carrier frequency. During this process the I/Q waveforms of multisine are continuously played without interruption or reloading. At the overlapping tone of fundamental, e.g., f 1 = 1 GHz, the measured phase offset ϕ 1,k is determined according to (7) as well, and set into the multisine generator. Then, the multisine reference keeps unaltered again when the NVNA test bench measures A raw 1 , B raw 1 , A raw 2 , and B raw 2 at each tone inside the fundamental band.
3) This procedure is continued for the higher harmonic bands. After the highest test band is completed, the multisine phase reference is stepped back to the baseband, repeating the (k + 1)th swept measurement. One assumption of this method is that the random phase change of the multisine carrier will identically change the phase value of each tone, as shown in (4) . Only in this case, the compensation of carrier phase can be made according to the overlapping tone measurement. As mentioned in Section II-B, the equivalent phase spectrum in (8) does not need to be known in practice. Its contribution to the raw measurements is taken into full consideration by the error model coefficients, and corrected with the phase calibration. As long as the VNA and reference generators are frequencylocked together, the proposed dual-reference NVNA setup will work for the baseband and multiharmonic RF measurement.
C. Validation Based on NVNA Phase Stability Test
As discussed in Section II-B, the NVNA phase reference helps to achieve stable measurements across the baseband and harmonics. As a result, the most effective way to validate the proposed methods is to examine the stability of NVNA phase measurements. To measure this, a separate multisine signal has been used to emulate a stable DUT output over several test bands. Fig. 6 shows that the random noise at baseband, fundamental, and second harmonic is generally less than ±0.4°, confirming the validity and equivalence of two methods.
In practice, one can choose either of the methods to achieve the baseband and multiharmonic RF NVNA measurement. In Section VI-B, the selection of two approaches is discussed from the application perspectives.
IV. ALIGNMENT-BASED PHASE CALIBRATION
This section introduces the phase calibration approach used in this paper to calibrate the baseband and multiharmonic RF measurements of the NVNA test bench. The basic idea has been presented in our previous work in [19] , where the calibration target was the modulated multiharmonic measurements. In this way, calibrated NVNA measurements can be obtained based on the raw ones derived with the phase references proposed in Section III. We use the multistep method in [19] , which is different from the traditional one-step approach [2] , [3] , [22] , and a group of "dual-band" multisine phase standards to provide the phase calibration. The so-called dual-band multisine is derived by combining two separately generated multisines together, which are located at different (baseband or harmonic) test bands in this paper. The overlapping tones between standards are used for the alignment, so that a stitched group of synchronized calibration results (i.e., angles of error model coefficient e 01 ) can be achieved. This is illustrated in Fig. 7 , where the first dual-band multisine covers the test frequencies in the baseband and fundamental RF band, while the second one covers those of fundamental and second harmonic bands. In this way, all the dual-band multisines overlap with each other at the fundamental, and as a whole cover all the test frequencies under calibration. After characterization by a digital realtime oscilloscope (DRTO), these dual-band multisines are successively used as phase standards to perform the phase calibration of the NVNA test bench, deriving a group of "dualband" calibration results (shown in Fig. 8 ). Afterward, these calibration results (i.e., angles of e 01 ) are aligned together according to those at the fundamental, as shown in Fig. 8 . Consequently, the random delays between the multiple phase standards can be eliminated, and a stitched group of synchronized calibration results will be obtained.
Based on these phase calibration results, as well as others derived by the well known calibration procedure presented in [2] , calibrated NVNA measurements can be obtained from the raw ones derived in Section III. Then, the test bench can be used for DUT (e.g., an RF PA) characterization, to examine its performance for the desired baseband and multiharmonic RF measurements.
V. EXPERIMENTS
From the application perspective, this section aims to reveal the system-level validity of our work (including both phase references and phase calibration), by inspecting the performance of the NVNA test bench for DUT characterization under complex modulation. 
A. Experimental Condition
We measured an RF PA under large-signal modulated stimulus using our NVNA test bench, to demonstrate the system and the importance of the baseband measurement. The NVNA test benches shown in Figs. 1 and 5 have been used for this test. A 400 kHz (2.5-μs epoch) spectral grid has been chosen to suit the NVNA minimum frequency. Detailed discussion of the test bench is presented in Section VI-C.
The DUT is a 2 MHz-2 GHz mini-circuit ZFL-11AD+ amplifier operated at 15-V supply voltage, and a center frequency of 1 GHz has been chosen for the stimulus.
In order to mirror a practical application scenario the stimulus is designed to have properties similar to a long-term evolution (LTE) waveform and also meet the 400-kHz spectral grid criterion. To achieve this, a VSG was used to generate a 20-MHz bandwidth LTE signal and the waveform was measured using a DRTO over a 4-μs epoch. A 2.5-μs subsection of this waveform was selected for fast Fourier transform analysis, to identify the magnitude and phase spectra of the key tones used to define the VSG I/Q modulation. The truncation of waveform will lead to leakage (a big error on the lines) but this is unavoidable due to limitations of the hardware as explained later in Section VI-C. Considering that these spectra are only used for illustration purpose, the error does not appear in the end result and does not affect the method verification. Fig. 9 shows the waveforms of the original LTE signal and the derived LTE-like multisine, together with the magnitude and phase spectra of the derived multisine.
In the following sections, frequency-and time-domain NVNA measurements of the DUT output are given, respectively. Particularly, the importance of baseband measurement to reconstruct the true waveform is shown. Considering that the DUT is well matched under the 50-load, where the A 2 wave is approximately 30 dB lower than B 2 , the validation of NVNA measurements is simply inspected based on the comparison with the voltage measurement using an oscilloscope. 
B. Frequency-Domain Measurement
The DUT shows baseband, multiharmonic, and intermodulation nonlinearities under the measurement shown in Fig. 10 . In the baseband, the dominant distortion components fall below 15 MHz, with a power level in the range from −50 to −20 dBm. In the fundamental band, the maximum power level increases to about −10 dBm inside the 20-MHz stimulus band, and the adjacent channel power ratio degrades from better than 50 dB to only 20 dB. Moreover, the power levels of second harmonic components increase from −90 to −30 dBm. Fig. 11 shows the comparison between the measured results obtained with the NVNA and the DRTO. The magnitude deviation is less than ±0.2 dB for both the fundamental and at baseband, and less than ±0.5 dB in second harmonic band. Fig. 12 shows that for phase measurements. The deviation is generally less than ±2°in both the baseband and the fundamental band, and less than ±4°in second harmonic band. These results suggest that there is good agreement between the DRTO, which was also used to characterize the phase standards in Section IV, and the NVNA test bench. Fig. 13 shows the relationship between the phase deviation shown in Fig. 12 and the RF power level plotted in Fig. 11 . It is clearly shown that the phase measurement error increases when the power level drops below −35 dBm. Our understanding is that, this result is mainly due to the random effects, calibration errors, and uncorrected mismatch errors. Despite these contributions, a good phase accuracy of ±2°can be guaranteed for the dominant components (−35 dBm or above) of DUT output.
C. Time-Domain Comparison
In the time domain, the reconstructed DUT output wave is shown in Fig. 14. The expanded portion of waveform shows excellent consistency between oscilloscope and NVNA. The significance of baseband measurements can be clearly seen in Fig. 15 where the comparison of reconstructed modulation envelopes with and without the baseband contribution is shown. One can clearly see that the baseband components play an important role of the temporal waveform reconstruction. According to these DUT characterization results and the oscilloscope-based comparison in both frequency and time domains, the system-level validity of our work (including both phase references and phase calibration) has been confirmed. Hence the proposed techniques are proved practicable to extend the NVNA baseband measurements on the basis of modulated multiharmonic RF ones.
VI. DISCUSSION

A. Uncertainty and Error Analysis
In order to evaluate the phase measurement uncertainty of the proposed NVNA test bench configurations, four kinds of dominant contributions should be taken into consideration. These uncertainty contributions arise from the following: 1) characterized values of phase standards, which are traceable to the oscilloscope response; 2) raw measurements during phase calibration, which are subject to receiver noise and phase reference/standard stability; 3) raw DUT measurements, which are subject to receiver noise and phase reference/DUT stability; 4) phase alignment errors. In our previous work presented in [18] and [19] , the uncertainty analysis for the four kinds of contribution has been fully discussed in detail. Under the similar experimental condition, the approximated uncertainty contributions in this paper are given in Table I . Considering that the main novelty of this paper focuses on the extension of NVNA baseband measurement, where two different phase reference approaches are developed, the contribution of raw phase measurements arising from phase reference stability is particularly inspected in this section.
Considering that the RF PA tested in Section V has a phase stability worse than those of two phase reference strategies evaluated here, we have directly compared the two strategies by using the first phase reference based on combining separate baseband and RF components as the DUT, and measured it with the NVNA test bench using the stepped multisine phase reference. Fig. 16 shows the drift of 100 repetitive NVNA raw phase measurements over 30 min, where 51 tones are measured in each of the baseband, fundamental, and second harmonic band. One can see that in the following.
1) The drift of the baseband is much smaller than the RF ones.
2) The drift of the baseband has a quite different trend compared with the RF ones.
3) The drift of second harmonic is approximately twice that of the fundamental almost everywhere. These all make sense because of the following.
1) The level of phase drift is supposed to be proportional to the carrier frequency. 2) The multiharmonic RF components are generated as a whole, while the baseband ones are generated separately.
3) The carrier phase drift at the fundamental, similar to a time delay, will cause n times drifts of the nth harmonic components, since the relationship of harmonic phases is fixed. According to this experimental result, the maximum drift of phase measurements around 2 GHz is about ±4°, while the fluctuation of phase measurements inside a 51-tone test band is approximately less than ±0.5°(judging from the widths of three "drift" lines).
Considering that the phase measurements only offer a relative, rather than an absolute, phase relationship, the results shown in Fig. 16 do not reflect the real influence of phase drifts to the NVNA phase measurements, since they only demonstrate absolute phase deviations. In order to remove the "delay" effect arising from the phase drifts, which does not influence the measurement of a relative phase relationship, the method presented in [23] can be used to align the 100 repetitive phase measurements over 30 min. In this way, the measurement deviations of the relative phase relationship can be derived, as shown in Fig. 17 . One can clearly see that the influence of multiharmonic RF phase drifts has been largely reduced after the alignment, leaving the baseband drift of approximately ±0.4°the dominant contribution. Moreover, the results suggest that the fluctuation due to random effects of phase measurements is approximately less than ±0.2°for all the test bands.
It is worth mentioning that the results shown in Fig. 17 contain contributions from both the phase reference designs (i.e., the first phase reference based on combination and the second based on a stepped multisine). The performance of either one is supposed to be better, because of the following. 1) Signal generators of different manufacturers and models are used in the experiment to reduce potential correlation. 2) Two phase references (one as the DUT) work in quite different manners.
3) The effect of residual correlation between the sources has been largely removed during the alignment. Despite all this, a phase accuracy of ±2°has been experimentally derived for the dominant measurements in this paper. According to the results in Fig. 13 , an accuracy level of ±5°s hould be easily achievable in practice from our perspectives. As a matter of fact, such frequency-domain measurement accuracy does not influence much, if any, for the time-domain waveform reconstruction and analysis given our experience.
B. Choosing Phase References
As mentioned in Section III-A, the performance (e.g., the bandwidth, spectral grid, and power level) of proposed phase reference approaches can be widely adjusted by selecting different modulated signals (e.g., user-defined multisines, and pulsed-RF signals with different duty cycles). In addition to the detailed discussions made in [18] and [19] , which apply to both phase reference approaches proposed, here we would like to discuss about the selection of phase reference signals from the application perspectives.
For the first approach in Section III-A, we believe that pulsed-RF signals are a more convenient way to generate the phase reference for narrowband measurement, as you do not need to design a complex multisine or control the VSGs. When only one VSG is available, which has to be used for providing the modulated test stimuli to drive the DUT, the pulsed-RF signals can still be easily obtained with analog signal generators. For wideband conditions with dense spectral grids, however, where hundreds or even thousands of tones are under test, multisine signals (as well as the chirp signal tried in [16] ) are expected to show better performance on the achievable tone number and spectral power.
Compared with the first solution, the second approach in Section III-B is more suitable for wideband conditions where a second (besides the one used for test stimuli) VSG is available. In this case, the desired tone number and spectral level can be simply achieved using the stepped multisine. When it comes to the auxiliary phase reference on a coarse grid, several methods are optional in practice, for examples: 1) using a commercial NVNA comb generator on a 10-MHz spectral grid [24] ; 2) using a CW-driven SRD comb generator on a 100-MHz spectral grid [25] ; 3) combining the 10-MHz reference of test bench with a CW-driven SRD comb generator on 1-GHz spectral grid [25] ; 4) combining the multiple VNA internal sources working on CW mode with desired frequencies. It is also worth mentioning that when the modulation bandwidth (e.g., 160 MHz) of stepped multisine is wider than the spectral grid (e.g., 100 MHz) of the coarse-grid phase reference, in theory one can measure the entire test band from the VNA minimum frequency to tens of gigahertz, by finely stepping the multisine phase reference (e.g., on a step of 160 MHz or less).
C. VNA Unit
In order to achieve the NVNA test bench with desired baseband measurement, the VNA unit should meet the following requirements at the same time:
1) low-frequency measurement range down to tens or at least hundreds of kilohertz, so that the baseband components can be measured; 2) configurable source and receiver channel access, so that the external modulated stimuli can be applied; 3) multiple measurement ports (up to five or more synchronous receivers) available, so that a two-port DUT and the phase reference(s) can be measured at the same time. To the best of our knowledge, however, only a few commercial VNA models are satisfactory in these aspects. As a result, the achievable densest spectral grid and highest RF bandwidth in practice are limited accordingly at this time.
In this paper, the VNA used for experiments has a minimum measurement frequency of 300 kHz (3.333333 μs in period). In order to approach this limit and to avoid truncated timedomain measurement (on a sampling rate of 50 GS/s) at the same time, the experimental frequency grid of 400 kHz, which determines the period of 2.5 μs, is chosen. This grid can be made larger for our test bench, while a different VNA with lower minimum frequency is needed if the grid becomes smaller. In our opinion, the grid should be as small as 15 kHz to fully emulate an LTE test (this can be hardly done with commercial VNAs at this time). From the DUT characterization perspective, however, we anticipate the grid can be made much larger than 15 kHz according to the actual span of DUT memory effects (e.g., a spectral grid of 400 kHz seems quite enough for a longest memory span of 1 μs, while a grid of 50 kHz or less is wanted if the memory span is up to 20 μs).
D. Oscilloscope and Phase Standard Characterization
This paper mainly aims to extend the NVNA baseband measurement by proposing novel phase reference approaches. In this case, the phase reference signals are only required to be stable, rather than to derive any specific phase relationship. As a result, they cannot serve as good phase standards at this time. To deal with the multiband (baseband and multiharmonic) phase calibration, the alignment-based multistep method of [19] is used in this paper. Hence, a real-time oscilloscope is needed to characterize the dual-band multisine standards on site.
From the application perspective, oscilloscope-based on-site characterization of phase standards should be avoided as far as possible, since it would increase the cost of test bench and even demotivate the alternative use of an NVNA. To achieve this, a multiband (baseband and multiharmonic) phase standard with good reproducibility has to be developed. To the best of our knowledge, the work in [13] has great potential if baseband components are further integrated. Since the pseudorandom impulse train should have good reproducibility, asking for only once oscilloscope-based characterization.
For the laboratory research, however, the use of oscilloscopes for on-site characterization of phase standards will guarantee the best measurement accuracy in our opinion. As the trust of phase standard reproducibility will face the risk of unknown systematic errors. As for the alternative use of an NVNA to the oscilloscope for modulated DUT tests, the advantages include: 1) wider dynamic range and higher signal-to-noise ratio; 2) complete structure for vector network measurement; 3) calibration convenience; and 4) smaller data volume.
VII. CONCLUSION
The extension of NVNA baseband measurement is inspected in this paper. To achieve that, two kinds of phase reference approaches are proposed as alternative solutions. Based on these techniques, the NVNA test bench can be used for PA characterization under full baseband, multiharmonic, and intermodulation distortion, so that the complete behavior of DUT can be measured and investigated. In conclusion, the proposed NVNA techniques can be widely used for the full characterization of RF nonlinear devices in practice, which is supportive for the analysis and modeling researches.
